The role of insulin-like growth factor I (IGF-1) in the development of the porcine preadipocyte was'studied. Primary cultures of stromal-vascular cells (containing preadipocytes) were derived from s.c. adipose tissue of pigs at 1 d of age by enzyme digestion and centrifugation. Ceils were cultured for a total of 15 d, Cells were exposed to IGF-1 at concentrations of 0, 5, 25 or 50 ng/ml medium during one of four time periods: 
Introduction
Insulin has been shown to influence the differentiation of preadipocytes from a number of different species and cell lines (Ailhaud, 1982) . The concentration of insulin that has been used in the majority of these studies has been in the pharmacological range (.1 to 1.0 laM). Recent work has shown that insulin at 1This research was supported by USDA Gram #87-CRCR-1-2533.
2Salaries and research facilities provided by State and Federal funds appropriated to the Ohio Agric. Res. and Dev. Center, The Ohio State Univ., 3Dept. of Anita. Sci. aThe authors thank J. Knauerhase for typing the manuscript and M. D. Bishop for statistical analysis.
JTo whom reprint requests should be addressed. Received September 15, 1988 . Accepted February 3, 1989 . pharmacological concentrations will cross-react with receptors for insulin-like growth factors (IGF) (King et al., 1980 (King et al., , 1982 Nissley and Rechler, 1984) . Consequently, many of the reported effects of insulin on differentiation may be indirect through the insulin-like growth factor receptors. This potential mechanism of action suggests that the insulin-like growth factors may play a role in the differentiation of preadipocytes. IGF-1 has been reported to induce a mitogenic response for the 3T3 (Morikawa et al., 1984) and the Ob17 preadipocyte cell lines (Grimaldi et al., 1983) . Preadipocytes in primary cultures of stromal-vascular cells from rat adipose tissue were induced to differentiate by IGF-1 as determined by changes in enzyme expression (Deslex et al., 1987) . The role of IGF-1 in the development of preadipocytes from large animal species had not been determined. The present study examined the role of IGF-1 in the development of the porcine preadipocyte.
Experimental Procedures
Crossbred (Landrace • Duroc x Hampshire) male pigs of less than 24 h of age were utilized as tissue sources in all experiments. All sows were fed the same corn-soybean meal (14% CP) diet throughout gestation. The diet met or exceeded their requirements (NRC, 1988) . Animals were euthanized by decapitation following halothane anesthesia or pentobarbital sodium/chloral hydrate injection prior to transport to the laboratory. No differential effects of anesthetic choice were identified.
Cell Culture Techniques. Adipose tissue was collected by sterile dissection from the dorsal s.c. depot between the first thoracic vertebrae, lateral to the dorsal midline. Tissue was minced into sections approximately 1 mm 2 with scissors and incubated with 5 mug of tissue of the digestion buffer described by Bjorntorp et al. (1979) . A fivefold excess of buffer containing no enzymes (room temperature) was added to the digestion flask after 1 h of incubation at 37"C in a shaking water bath (90 oscillations/min). Flask contents were mixed and filtered through nylon screens 6 with 250-and 20-micron mesh openings to remove undigested tissue and large cell aggregates. The filtered cells were centrifuged at 500 x g for 10 min to separate the floating fat cells from the pellet of stromal-vascular cells. The stromal-vascular cells were washed with media 1997, centrifuged and resuspended in plating medium (10% fetal bovine serum in medium 199).
Aliquots of the stromal-vascular fraction were removed, stained with Rappaport's stain and counted on a hemocytometer. Stromalvascular cells (including the preadipocytes) were seeded on 352mm tissue culture dishes at a density of 1.0 x 104 cells/cm 2.
Plating concentration of 2.5% was used in the test media. The test media contained 1.3 ng IGF-1/ ml prior to supplementation of exogenous IGF-1 because of the porcine serum component. Serum IGF-1 concentration was determined by RIA using a commercial kit 8 following acidethanol extraction. Test media were supplemented with IGF-1 at concentrations of 0, 5, 25, or 50 ng/ml. The differentiation medium utilized in certain experiments contained 2.5% porcine serum, 10 nM insulin and 100 ng hydrocortisone/ml medium. Media were changed every 3 d. IGF-19, insulin 10 and hydrocortisone 10 were purchased from commercial sources. Cells were cultured at 37~ in a humidified 5% CO2 amaosphere. Cells were grown under four different sets of conditions to examine the role of IGF-1 in preadipocyte proliferation and differentiation. The first set of conditions utilized exposure of the cells to test medium containing IGF-1 from d 1-15 of culture. This particular set of conditions permitted evaluation of the overall effects of the growth factor: the effects on the logarithmic phase of growth and also on postconfluent events.
In the second set of conditions, the cells were incubated with test medium containing IGF-1 from d 1-5 of culture, after which the growth factor was removed from the medium. These cells then were incubated with medium containing only 2.5% porcine serum until d 15 of culture, when the analyses were performed. This set of conditions was used to examine the potential effects of IGF-1 during the rapid phase of proliferation (the logarithmic phase) that occurs prior to confluency (d 5 of culture) without the potentially confounding effect of the growth factor on post-confluent events.
The third set of conditions involved using cells that previously had reached confluency, reduced their proliferation rate and begun to differentiate. These cells were exposed to 2.5% porcine serum from d 1-5 of culture and then switched to a medium containing insulin and heparin from d 5-12 of culture to stimulate differentiation. These cultures then were switched to test medium containing IGF-1 for incubation from d 13-15 to specifically examine the effect of IGF-1 on post-confluent events.
The last series of incubations involved cells incubated with 2.5% porcine serum from d 1-5, switched to differentiation medium from d 5-14 and then incubated with test medium b'c'dMeans within a column that do not have a common superscript letter differ (P < .05).
containing IGF-1 on d 15 for 4 h. This experiment was performed to determine whether short-term exposure to IGF-1 could stimulate enzymatic activity of the cells in culture without influencing the differentiation of the cells.
Analyses. Cell cultures in tissue culture
dishes were homogenized by sonic dismembranation in 1.0 ml of ice-cold homogenizing buffer. Homogenizing buffer for the analysis of citrate lyase and sn-glycerol-3-phosphate dehydrogenase activity was identical to the buffer described by Ramsay et al. (1987) . Homogenates were centrifuged at 14,000 x g for 5 rain at 4~ in Eppendorf tubes. The supematant fluids were used for analysis. Snglycerol-3-phosphate dehydrogenase (GPDH) (1,1.1.8) was assayed according to the procedures of Ramsay et al. (1987) . Citrate lyase (CL) (EC 4.1.3.8) activity was assessed by the procedures of Cottam and Srere (1969) . Changes in absorption at 340 nm were measured in a Gilford 11 Response recording spectrophotometer at 25~ One unit of activity corresponded to oxidation of I nmol of NADH per min. Assays were linear for sample concentrations and over time. Variations between duplicate determinations never exceeded 5%. Cytosolic protein concentrations of cell culture homogenates were determined by the coomassie blue technique (Bradford, 1976) .
The activity of lipoprotein lipase (LPL) (EC 3.1.1.34) was assessed according to the assay of Nilsson-Ehle and Schotz (1976) . The homogenizing buffer for analysis of lipopro11Gilfor d Instrument Laboratories, Inc., Oberlin, OH.
El" At,.
tein lipase activity was composed of 50 mM NH4OH, 50 mM NH4CI, 1 U heparin/ml buffer at pH 8.1. Homogenates were centrifuged at 14,000 • g for 30 min at 4~ The supernatant fluid from the centrifugate was utilized for assay of lipoprotein lipase activity by the hydrolysis of [3]triolein during a 30-min incubation at 37"C. One unit of activity was equivalent to 1 nmol of [3H]oleic acid released/30 min. Cell number was determined on duplicate cultures by coulter counting.
Tissue culture dishes were stained for histochemical analysis on d 14 of culture. Cells were stained for lipid with oil Red 0 (Hausman, 1981) . The number of adipocyte clusters and the number of adipocytes per cluster were quantitated for 10 microscopic fields at 100x magnification (approximately 2.01 cm2).
Animal to animal variation always is one of the greatest problems in the analysis of data from primary cell culture. As a result, the data in this report are expressed on a relative percentage basis to correct for the variation between animals (trial). The activity of cultures exposed to the basal medium for each trial in each experiment was given a relative value of 100 and the activity of cultures exposed to IGF-1 in each trial within each experiment was calculated as a percentage of this value. These percentage data were analyzed by analysis of variance (SAS, 1982) using a four-factorial design with fixed effects of treatment, exposure and the interactions of treatment by exposure, in addition to the random effect of pig differences (trial), which were significant (P < .005). Polynomial regressions were fitted to treatment levels to determine dose responsiveness. Significant effects were defined at the 95% confidence level.
Results
IGF-1 had a general mitogenic effect on cells derived from porcine adipose tissue (Table 1) 
a M can :1: SE for three trials; values expressed as 1~6 rcent of activity of cultures exposed to basal medium per 10 cells. bCL = citrate lyase; GPDH = sn-glycerol-3-phosphate dehydrogenase; LPL = lipoprotein lipase.
c'd'e'fMealls within a column that do not have a common superscript letter differ (P < .05).
period of maximal differentiation (d 13-15) also increased cell number.
IGF-1 also was associated with an increase in enzymatic expression of the cultures. To correct for mitogenesis, enzyme activity was expressed on a cell number basis. IGF-1 was a potent agent for the induction of differentiation of the porcine preadipocyte following exposure for 15 d as determined by enzyme expression (Table 2) . IGF-1 caused a dose-responsive increase in citrate lyase activity at the concentrations examined. Expression of LPL activity was increased by 25 ng IGF-1/ml medium with a further increase at 50 ng/ml medium. GPDH activity did not demonstrate a response to IGF-1 until a concentration of 25 ng/ml medium when data were expressed on a cell number basis.
Histochemical analysis of lipid accumulation was in agreement with the enzyme and counting data for the d 1-15 exposure. The basal medium induced the formation of clusters of lipid accumulating cells with few cells per cluster (Figure la) . Addition of IGF-1 to the medium caused the formation of cell clusters with more and larger cells in each cluster (Figure lb) . No difference in the total amount of clusters per microscopic field (100x, approximately 2.01 cm 2) was detected (data not presented).
Including IGF-1 in the culture medium only during the logarithmic phase of growth (d 1-5) had no significant effects on the differentiation of the porcine preadipocyte as determined by changes in enzyme expression (Table 3) . However, IGF-1 exposure from d 13-15 induced changes in enzyme expression despite confluency and its reduced proliferation rate (Table 4) . IGF-1 at 50 ng/ml medium increased CL, GPDH and LPL activities in cultures exposed to the factor from d 13-15. The stimulation of enzyme activities by IGF-1 was much lower following exposure from d 13 to 15 than with exposure from d 1-15 (Table  2) .
These data may indicate that a smaller population of preadipocytes is available for the induction of differentiation compared with cultures exposed to IGF-1 from d 1-15 as a consequence of the differentiation of a proportion of the preadipocyte population prior to exposure to IGF-1 beginning on d 13. Cultures utilized for the d 13-15 exposure had been incubated with a medium that stimulates differentiation from d 5 to 13. A smaller proportion of available preadipocytes and larger proportion of differentiated adipocytes in the cultures utilized for the d 13-15 exposure is supported by the much higher level of enzyme activity present in these cultures vs the level of enzyme activity of cultures utilized for the d 1-15 exposure (GPDH activity of 15.6 + 3.0 U/106 cells vs 6.1 + 2.2 U/106 cells, respectively, for cultures not supplemented with IGF-1). However, the possibility cannot be excluded that the lower levels of stimulation of enzyme activity following the d 13-15 exposure also may be due to not allowing sufficient time for the preadipocytes to accumulate enzyme protein prior to analysis.
Incubation of stromal-vascular cell cultures with IGF-1 for only 4 h on d 15 of culture had minimal effects on the metabolic activity of the ceils (Table 5) . No significant effects of the IGF-1 supplementation were detected.
Dlsommion
Various growth factors have been shown to affect the proliferation and differentiation of predipocytes (Ailhaud, 1982; Hiragun, 1985) . The role of the insulin-like growth factors had been examined only minimally (Grimaldi et al., 1983; Morikawa et al., 1984) , and not with cells from a domestic species. Insulin-like growth factor 1 has been shown previously to be mitogenic for the 3T3 preadipocyte cell line and to promote the proliferation and differentiation of the Ob17 cell line and rat preadipocytes. The data presented in this paper support the mitogenic action of this growth factor and demonstrate its ability to induce differentiation of the porcine preadipocyte.
IGF-1 was tested in the concentration range of .7 to 7 nM. This concentration range is fax below the reported values for cross-reactivity of IGF-1 with the insulin receptor (Nissley and Rechler, 1984) . Therefore, it is unlikely that the effects observed in these experiments were due to cross-binding with the insulin receptor. This does not preclude specific effects of insulin on preadipocyte differentiation. The effects observed in this study most likely were 0  109  100  100  5  112  80  106  25  85  90  110  50  124  111  103  Pooled SE  13  9  11 aMean -1-SE for three trials; values are expressed as percent of activity ofcdtures exposed to basal medium per 106 cells.
bNo detectable effects of IGF-1 (P > .05). eCL = citrate lyase; GPDH = sn-glycerol-3-phosphate dehydrogenase; LPL = lipoprotein lipase.
a result of IGF-1 binding to an IGF receptor. IGF receptors have been demonstrated to be present on adipocytes (King et al., 1980 (King et al., , 1982 .
Continuous incubation of primary cell cultures derived from porcine adipose tissue to IGF-1 for 15 d increased proliferation and differentiation of the cells. These cells were exposed to the growth factor during the logarithmic phase of growth (d 1-5), at confluency (d 5), and post-confluency (d 6-15) as the cells differentiated. For cells incubated with IGF-1 only during the logarithmic phase of growth (d 1-5), the action of the growth factor appears to be primarily mitogenic because no increase in enzyme expression aMean + SE for three trials; values are expressed as percent of activity of cultures exposed to basal medium per 106 cells. bCL = citrate lyase; GPDH = sn-glycerol-3-phosphate dehydrogenase; LPL = lipoprotein lipase.
C'dMeans with a column that do not have a common superscript letter differ (P < .05).
when corrected for changes in cell number was detected. The mitogenic actions of the growth factor were not eliminated with confluency, because proliferation of ceils was induced by exposing cells to the growth factor only from d 13-15. Proliferative effects of IGF-1 previously have been demonstrated in cultures of endothelial cells (Bar et al., 1986) and fibroblasts (Adams et al., 1984) , both being contaminating cell types in primary cultures of porcine adipose tissue. IGF-1 most likely is a nonspecific mitogen in this primary culture system.
The ability of IGF-1 to promote differentiation appears to require that cells have reached confluency, because only those cultures exposed to the growth factor after confluency (d 1-15 or d 13-15 cultures) responded with changes in enzyme activity. Why confluency is required for enzyme response to IGF-1 is not known. However, the growth factor may be effective on post-confluent mitosis. The cluster-like appearance of porcine adipocytes during ontogenesis in vivo (Hausman, 1985; Hausman and Kauffman, 1986) and in vitro in this study is typical of cells following postconfluent mitosis. Post-confluent mitosis has been proposed to be a major mechanism for the development of adipocyte clusters in rat and Ob17 preadipocyte cell culture (Djian et al., 1982) . The histochemical and enzymatic appearance of differentiated cells in the present study suggests that IGF-1 may influence postconfluent mitosis.
IGF-1 also could produce the observed effects by stimulating the recruitment of previously non-adipogenic cells through the induction of the commitment of these cells to the adipose lineage. However, this is unlikely because IGF-1 has been reported previously to induce progression through the cell cycle rather than commitment (O'Keefe and Pledger, 1983) . Thus this possibility requires further research with pure populations of preadipocytes to verify this contradictory mechanism. If IGF-1 induction of commitment were to be operative in this culture system, an increase in the number of adipocytes randomly forming throughout the cultures, and thus an increase in the number of clusters per unit area, should be seen; this was not observed.
A major concern during these experiments was a potential metabolic action of IGF-1 on adipocytes that had formed in the cultures, which could be misinterpreted as an effect on differentiation of the preadipocytes. Exposure of a population of adipocytes that had formed in vitro to IGF-1 for 4 h on d 15 of culture did not result in a significant change in enzyme activity. These results would indicate that the cells must synthesize new enzyme to generate a change in enzyme activity per cell, suggestive of an effect on preadipocyte differentiation.
The ability of IGF-1 to induce differentiation of porcine preadipocytes disagrees with the in vivo effects of somatotropin treatment. Somatotropin treatment of swine has caused a reduction in the accretion of adipose tissue while increasing plasma levels of IGF-1 (Chung et al., 1985; Evock et al., 1988) . Somatotropin induction of IGF-1 secretion should result in an increase in adipocyte formation, and thus in adipose tissue formation, according to the data from the present study.
The dichotomy of the effects of growth hormone in vivo and IGF-1 in vitro may be explained by several potential mechanisms. Adipocytes induced to form by IGF-1 in vivo may be prevented from accumulating sufficient lipid to permit detection because of the overwhelming metabolic actions of somatotropin to inhibit lipid accretion by reducing lipogenesis (Walton and Etherton, 1986) and by stimulating lipolysis (Goodman and Grichting, 1983 ). Quantitation of cell numbers, especially of the number of cells smaller than 20 microns, would be necessary in somatotropin-treated swine to determine whether this mechanism were operational. Also, the population of preadipocytes present in the finishing hog may be sufficiendy small to be relatively insignificant for the formation of detectable amounts of new tissue. Previous studies in rats and swine have indicated that the size of the preadipocyte pool decreases with postnatal age (Greenwood and Hirsch, 1974; Novakofski, 1981) . In addition, preadipocytes present in the finishing animal may not be sensitive to IGF-1. Analysis of the sensitivity of preadipocytes at different ages has not been examined. This potential mechanism cannot be explored until cell culture techniques are developed to isolate pure population of preadipocytes from swine at several ages.
Whatever the mechanism for the lack of an IGF-1 effect on preadipocytes in somatotropintreated swine, this study has demonstrated a role for IGF-1 in the differentiation of the porcine preadipocyte in vitro. IGF-1 is present in the bloodstream of fetal and postnatal swine at concentrations equivalent to or higher than those used in the present study (Wolverton et al., 1988) . Exposure to IGF-1 throughout the period of cell proliferation and post-confluency mimics the events of fetal and postnatal tissue development. Long-term exposure (d 1-15) to IGF-1 was very effective in generating the formation of adipocytes as determined in this study. Thus, IGF-1 also may be an important factor in the growth and development of porcine adipose tissue in vivo.
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